**Core tip:** The metabolism of activated hepatic stellate cells (HSCs) was reprogrammed. Silence of embryonic liver fordin (ELF) led to the inhibition of PI3K/Akt signaling and decrease of glycolysis in activated HSCs. Glucose glycolysis of activated HSCs was regulated by ELF through PI3K/Akt signaling The present study indicated that metabolism of HSCs may be a novel target for the diagnosis and treatment of liver cirrhosis in clinical practice.

INTRODUCTION
============

Liver fibrosis occurs in most chronic liver diseases and is characterized by the accumulation of extracellular matrix following sustained inflammation\[[@B1]\]. The main causes of liver fibrosis include chronic HBV and HCV infection, parasitic infections, alcohol abuse, and NASH. Liver fibrosis can lead to the dysfunction of hepatocytes and obstruction of the intrahepatic blood flow, which resulting in the subsequent hepatic insufficiency and hypertension of the portal vein\[[@B2]\].

HSCs, which are the main source of ECM in injured livers, play a crucial role in the progress of liver fibrosis. In normal livers, HSCs are located in the Disse space, between the sinusoidal endothelium and hepatocytes. HSCs become activated and acquire contractile, proinflammatory, and fibrogenic properties when subjected to diverse chronic injuries. Researchers have identified many factors that promote the transdifferentiation of quiescent HSCs into activated HSCs\[[@B3]\].

The TGF-β signaling plays a very important role in various cellular physiological processes through the regulation of downstream proteins\[[@B4]\]. Frequent inactivation of the TGF-β pathway components in liver fibrosis demonstrates a powerful promoting role of the TGF-β pathway. The multifunctional effects of TGF-β in cellular actions occur through the binding of its receptors, TGF-β receptor II and receptor I; the activation of intrinsic kinase activity; and the phosphorylation and translocation of mediators, Smads, followed by TGF-β target gene activation\[[@B5]\]. ELF, also known as β2-spectrin, is important for maintaining function of cellular membranes and polarization of epithelial cells. Meanwhile, ELF also plays an important role in TGF-β pathway.

Smad 3 and Smad 4 are the main proteins of Smad family which is crucial for the activation of TGF-β pathway. The interaction of ELF and Smad proteins was able to facilitate the transport of Smad 3-Smad4 complex into nucleus, which lead to the subsequent activation of TGF-β pathway\[[@B6]-[@B8]\].

Our previous study demonstrated that ELF is involved in the activation of HSCs. First, Western blot and RT-qPCR evaluation indicated that ELF expression was increased remarkably in fibrotic mouse model. Moreover, the silence of ELF in activated HSCs significantly reduced the ECM components such as collagen and α-SMA. Clarification of the mechanism is needed\[[@B9]\]. In addition, our study showed that the PI3K/Akt signaling is regulated by ELF in the process of hepatocyte proliferation\[[@B10]\]. The PI3K/Akt signaling is essential in the regulation of glucose metabolism in many types of cells\[[@B11],[@B12]\]. Researchers have identified a novel mechanism for reprogramming quiescent HSCs into activated HSCs that depends on the induction of glycolysis, similar to the Warburg state that has been described in cancer cells\[[@B13]\]. We hypothesized that ELF is involved in glucose metabolism of HSCs through PI3K/Akt signaling.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

All the processes were approved by the Animal Care and Use Committee of Huazhong University of Science and Technology, Wuhan, China.

Mouse model of liver fibrosis
-----------------------------

Eight-week-old male mice(C57/Black/6) that purchased from Animal Center of HUST (Wuhan, China) were challenged by classic subcutaneous injection with carbon tetrachloride (CCl~4~) diluted at a 3:7 (v/v) ratio in 5 mL/kg olive oil twice weekly for 12 wk as described previously.

HSC isolation
-------------

Primary hepatic stellate cells used in this study were isolated from C57/Black/6 mice (including control and fibrosis model) by *in situ* perfusion and centrifugation. The details were described in our previous study\[[@B9]\].

Preparation and transfection of siRNAs
--------------------------------------

siRNA used to silence ELF expression was synthesized by Applied Biosystems. The concentration of siRNAs (and scrambled siRNAs) was 50 pmol/L. Lipo2000 (Invitrogen) was used to transduce the siRNA into mice hepatic stellate cells on six wells when the confluence was about 30%-50%. RNA extraction was performed 72 h later. According to previous identification, ELF siRNA s74307 was chosen because of its best efficacy.

Western blot
------------

The total protein was extracted from cell and tissue using RIPA buffer with protease inhibitors. Concentrations of proteins were evaluated by BCA Assay Kit. Total proteins (50 μg) were separated on 10% SDS-PAGE. The immunoblotting was performed. The immune complex was visualized by ECL detection

Immunohistochemistry
--------------------

Liver specimens for histology and immunohistochemistry were fixed in 10% buffered formalin for 48 h, and then sliced into sections. Staining was performed using ABC kit. Sections were incubated at 4 °C with antibody for 12 h. DAB was used to visualize immunocomplexes.

Measurement of lactate
----------------------

Whole cell lysates of liver sample and HSCs were prepared with pyruvate assay buffer and then filtered through a 10-kilodalton molecular weight spin filter for deproteinization. Levels of lactate were measured using a lactate assay kit or pyruvate assay kit from BioVision according to the manufacturer's instructions, and normalized to the control group.

Statistical analysis
--------------------

The results were presented as the mean ± SD. The differences between groups were tested by Student two-tailed *t* test, and *P* \< 0.05 was considered statistically significant.

RESULTS
=======

ELF expression is upregulated in fibrotic liver and HSCs
--------------------------------------------------------

To evaluate whether ELF is involved in liver fibrosis, we generated a fibrotic mouse model. The immunohistochemical (IHC) examination found that ELF expression was increased in the fibrotic livers compared with controls (Figure [1A](#F1){ref-type="fig"}). Moreover, the ELF expression was observed near the bridging fibrotic areas. In addition, ELF mRNA (with RT-qPCR, approximately 2.5 times) and protein expression by Western blot analysis was increased in the CCl~4~-treated animals (Figure [1B](#F1){ref-type="fig"}). HSCs are predominantly located in the areas of bridging fibrosis, and we isolated HSCs from the fibrotic and normal livers. The RT-qPCR and Western blot test of the ELF expression found that there was a more significant increase in the HSCs isolated from the fibrotic livers than from the normal livers (Figure [1C](#F1){ref-type="fig"}). This finding indicated that the upregulated expression of ELF in HSCs might play an important role in liver fibrosis.

![Embryonic liver fordin expression is upregulated in fibrotic livers and hepatic stellate cells. A: The Embryonic liver fordin (ELF) expression in cirrhotic livers was determined by the immunohistochemical analysis. Magnification × 200; B: Real-time RT-PCR and Western blot analysis were used to evaluate the ELF expression in the liver homogenates from the control and CCl~4~-treated mice. ^a^*P* \< 0.05, the CCl~4~-treated mice *vs* the control mice. GAPDH was used as the control; C: Real-time RT-PCR and Western blot analysis were used to evaluate the ELF expression in the primary hepatic stellate cells (HSCs) isolated from the control and CCl -treated mice. ^b^*P* \< 0.01, the CCl~4~-treated mice *vs* the control mice; D: The α-SMA and collagen I expression at the protein level were upregulated in the whole liver homogenates from the CCl~4~-treated mice compared with the controls.](WJG-22-8519-g001){#F1}

Glycolysis-related genes are upregulated in fibrotic livers
-----------------------------------------------------------

Previous study had demonstrated that glucose metabolism was reprogrammed in fibrotic livers\[[@B13]\]. To confirm whether glycolysis-related genes were changed in fibrotic livers, we selected some key proteins which are involved in glucose glycolysis, such as phosphofructokinase (PFKP), Glut1, PKM2, and MCT4.

*PFKP*, a gene which encodes the platelet isoform of phosphofructokinase (PFK), plays an important role in glucose glycolysis of various cell types\[[@B14],[@B15]\]. As shown in Figure [2A](#F2){ref-type="fig"} and 2B, the PFKP expression was increased at both the mRNA and protein levels. Pyruvate kinase isozymes M1/M2 (PKM1/M2) is an enzyme encoded by the PKM2 gene. The function of PKM2 is to catalyze the last step within glycolysis, and leads to the dephosphorylation of phosphoenolpyruvate\[[@B16]\]. Real-time quantitative PCR and Western blot (Figure [2C](#F2){ref-type="fig"} and D) demonstrated that PKM expression was increased significantly in fibrotic liver at both mRNA and protein levels. Glucose transporter 1 (Glut 1) is a uniporter protein that in humans is encoded by the *SLC2A1* gene. Glut 1 is the first glucose transporter which facilitates the transport of glucose from blood into membrane in various kinds of cells\[[@B17],[@B18]\]. We found that Glut1 expression also showed a remarkable increase in fibrotic liver than control mice (Figure [2E](#F2){ref-type="fig"} and F).

![Glycolysis related-genes are upregulated in liver fibrosis. A, C: The real-time RT-PCR analysis evaluated the expression of the hepatic glycolytic enzymes, PFKP and PFKM2 in fibrotic and control mice. The PFKP and PFKM2 expression of the mRNA level was increased compared with that of the control (^a^*P* \< 0.05 *vs* control). GAPDH was used as the control; B, D: Western blot analysis indicated that the PFKP and PFKM2 expression of the protein level was upregulated in the fibrotic livers; E: The real-time RT-PCR analysis evaluated the hepatic glucose transporter, Glut 1, expression in the fibrotic livers and the control mice. The expression of Glut 1 mRNA was increased compared with that of the controls (^a^*P* \< 0.05 *vs* control); F: Western blot analysis indicated that the expression of the Glut 1 at protein level was upregulated in the fibrotic livers; G: Real-time RT-PCR analysis evaluated the MCT4 hepatic lactate transporter expression in the fibrotic livers and the control mice. The expression of the Glut 1 mRNA was increased compared with that of the controls (^a^*P* \< 0.05 *vs* control); H: Western blot analysis indicated that the expression of MCT4 at protein level was upregulated in the fibrotic liver; I: The intracellular lactate was evaluated by a lactate assay kit (^a^*P* \< 0.05 *vs* control).](WJG-22-8519-g002){#F2}

Monocarboxylate transporter 4 (MCT4), the lactate export pump, plays an crucial role in the accumulation of intracellular lactate in various cells\[[@B19]\]. The upregulation of MCT4 in fibrotic livers indicates that lactate accumulation was increased in fibrotic livers compared with the controls (Figure [2G](#F2){ref-type="fig"} and H). These findings indicated that glycolysis related genes were overexpressed in fibrotic livers. However, the expression of these genes in HSCs remains unknown.

The intracellular lactate was evaluated by a lactate assay kit. As shown in Figure [2I](#F2){ref-type="fig"}, intracellular lactate level increased significantly in fibrotic liver.

Glycolysis related genes are upregulated significantly in HSCs isolated from fibrotic livers
--------------------------------------------------------------------------------------------

The liver is composed of many cell types, and further studies should be performed if a certain protein is overexpressed in the liver. Therefore, we first isolated the HSCs from a fibrotic liver by *in situ* perfusion. Then, the total protein and mRNA were extracted. As demonstrated in Figure [3](#F3){ref-type="fig"}, the expression of PFKP, GLUT 1, PKM2, and MCT4 increased remarkably (*P* \< 0.01) shown by real time-quantitative PCR (Figure [3A](#F3){ref-type="fig"}, C, E and G) and Western blot (Figure [3B](#F3){ref-type="fig"}, D, F and H). Moreover, lactate (Figure [3I](#F3){ref-type="fig"}) showed a significant increase compared with the controls (*P* \< 0.01). This finding indicates that the glucose metabolism of activated HSCs was reprogrammed. The reprogrammed metabolism might supply energy to HSCs for their proliferation, ECM production, and migration.

![Glycolysis related-genes are upregulated significantly in the HSCs isolated from the fibrotic livers. A, C: The real-time RT-PCR analysis was used to evaluate the expression of the PFKP and PFKM2 hepatic glycolytic enzymes in the fibrotic livers and control mice. The PFKP, pAKT, and PFKM2 expressions of the mRNA level were increased compared with those of the controls (^b^*P* \< 0.01 *vs* control). GAPDH was used as the control; B, D: The Western blot analysis indicated that the PFKP and PFKM2 expression at the protein level was upregulated in the fibrotic livers; E: The real-time RT-PCR analysis evaluated the hepatic glucose transporter Glut 1 expression in the fibrotic livers and control mice. The expression of Glut 1 mRNA was increased compare with that of the controls (^b^*P* \< 0.01 *vs* control); F: The Western blot analysis indicated that the Glut 1 expression at the protein level was upregulated in the fibrotic livers; G: The real-time RT-PCR analysis evaluated the hepatic lactate transporter MCT4 expression in the fibrotic livers and the control mice. The Glut 1 expression at the mRNA level was increased compared with that of the controls (^b^*P* \< 0.01 *vs* control); H: The western blot analysis indicated that the MCT4 expression at the protein level was upregulated in the fibrotic livers; I: The intracellular lactate was evaluated by a lactate assay kit (^b^*P* \< 0.01 *vs* control).](WJG-22-8519-g003){#F3}

Silence of ELF in activated HSCs leads to the inhibition of glycolysis
----------------------------------------------------------------------

The efficiency of the knockdown of ELF in activated HSCs by siRNA was tested by Western blot (Figure [4A](#F4){ref-type="fig"}) and real-time quantitative PCR (Figure [4B](#F4){ref-type="fig"}). The ELF-siRNA treatment led to a remarkable decrease in the ELF expression. A significant reduction in SMA and collagen 1 expression was observed in the ELF-siRNA treated HSCs (Figure [4H](#F4){ref-type="fig"} and I). In addition, PFKP, GLUT 1, PKM2, and MCT4 showed a significant decrease in response to the ELF-siRNA (Figure [4C](#F4){ref-type="fig"}-F). The intracellular lactate also decreased significantly in response to the silence of ELF (Figure [4G](#F4){ref-type="fig"}). This finding indicates that the silence of ELF leads to the inhibition of glucose glycolysis-related genes. These results indicated that silence of ELF could block HSC activation, reduce ECM production, and inhibit glycolysis.

![Silencing of Embryonic liver fordin in the activated hepatic stellate cells led to the inhibition of glycolysis. A: The ELF mRNA was reduced in the activated hepatic stellate cells (HSCs) transfected synthetic siRNA against ELF was assessed by real-time RT-PCR. *P* \< 0.01 for the ELF siRNA versus the siRNA controls. GAPDH was used as the control; B: Western blot analysis confirmed that synthetic siRNA inhibited the ELF expression in the activated HSCs; C, D: The hepatic glycolytic enzymes, PFKP and PFKM2, expression of the mRNA and protein level decreased significantly after the ELF siRNA treatment (^a^*P* \< 0.05 *vs* control). E, F: The hepatic glycolytic enzymes, Glut 1 and MCT 4, expression of the mRNA at the protein level decreased significantly after the ELF siRNA treatment (^a^*P* \< 0.05 *vs* control). G: The intracellular lactate level decreased significantly after the ELF siRNA treatment (^a^*P* \< 0.05 *vs* control); H, I: The main components of the extracellular matrix, α-SMA and collagen I, expression showed a remarkable decrease in the activated HSCs, and the HSC transfected synthetic siRNA against ELF.](WJG-22-8519-g004){#F4}

ELF-PI3K/Akt-glycolysis axis in HSC
-----------------------------------

Although previous data indicated that ELF might play an important role in HSC activation and glycolysis in the pathogenesis of liver fibrosis, the mechanism needs to be clarified. Since PI3K/Akt signaling is important in glucose glycolysis of many cell types, and based on our previous study of the interaction between ELF and PI3K/Akt pathway, we hypothesized that the cross talk of ELF and PI3K/Akt signaling was involved in the activation of HSCs.

To confirm this finding, we first evaluated Akt, the key protein of PI3K signaling, in ELF-siRNA treated HSCs. As shown in Figure [5A](#F5){ref-type="fig"}, the expression of pAkt decreased significantly after the silencing of ELF in activated HSCs, however the total AKT was not influenced by ELF-siRNA treatment. Then, we administered activated HSCs with LY294002, a PI3K/Akt signaling inhibitor, and made the following evaluation. The remarkable downregulation of the pAkt expression confirmed that the PI3K/Akt signaling was well blockaded by LY294002 (Figure [5D](#F5){ref-type="fig"}). According to the Western blot and RT-qPCR testing, we found that inhibition of the PI3K/akt signaling does not affect the ELF expression (Figure [5B](#F5){ref-type="fig"} and C). Therefore, the key proteins of glycolysis, PFKP and PKM2, showed a significant decrease in the activated HSCs treated with LY294002 at the mRNA (Figure [5E](#F5){ref-type="fig"} and G) and protein levels (Figure [5F](#F5){ref-type="fig"} and H). In addition, SMA and collagen, the main components of the extracellular matrix, were effectively repressed by the LY294002 treatment (Figure [5I](#F5){ref-type="fig"} and J). Based on these data, we first demonstrated that ELF could regulate pAkt and glycolysis. Moreover, the blockade of PI3K/akt led to the repression of glycolysis and ECM production. The ELF was involved in the HSC glycolysis through the regulation of PI3K/Akt signaling.

![Embryonic liver fordin was involved in the regulation of HSC glycolysis through PI3K/AKT signaling. A: The key protein of PI3K/akt signaling, pAKT, decreased significantly in the embryonic liver fordin (ELF)-siRNA treated hepatic stellate cells (HSCs), but the expression of total AKT was not affected by ELF-siRNA treatment. GAPDH was used as the control; B, C: The Western blot and real-time RT-PCR analysis indicated that the ELF expression was not affected by Ly294002, an inhibitor of the PI3K/akt signaling; D: The pAKT expression decreased obviously after the inhibition of the PI3K/akt signaling in the HSCs; E, F: The hepatic glycolytic enzymes PFKP expression of mRNA and the protein level decreased significantly after the Ly294002 treatment in the activated HSCs (^a^*P* \< 0.05 *vs* control); G, H: The hepatic glycolytic enzyme PKM2 expression at mRNA and the protein levels decreased significantly after the Ly294002 treatment in the activated HSCs (^a^*P* \< 0.05 *vs* control). I, J: The main components of the extracellular matrix, α-SMA and collagen I expression showed a remarkable decrease in the activated HSCs treated by the PI3K/akt signaling inhibitor, Ly294002.](WJG-22-8519-g005){#F5}

DISCUSSION
==========

The destruction of the sinusoidal architecture in hepatic fibrosis always leads to hypoxia of the HSCs around the sinusoids. Simultaneously, the HSCs show a strong ability to activate and proliferate, which requires sufficient energy. The mechanism by which the HSCs ensure sufficient energy for activation and proliferation in the anoxic microenvironment is unknown. As shown in recent research, glycolysis was increased significantly in activated HSCs. Cellular metabolism might be a novel aspect in the pathogenesis study of liver fibrosis. To date, most studies of liver fibrosis focused on HSC activation and ECM production. We showed that energy metabolism, particularly glycolysis, represents an innovative role in HSC activation.

In this study, we found a novel role for ELF in the metabolic process of HSC s activation; the PI3K/Akt pathway was shown to regulate the glycolysis of HSCs. We first found that ELF expression was increased in the HSCs of the fibrosis mouse model and the HSCs cultured for 3 wk *in vitro*. PFKP is the key enzyme in glycolysis and GLU, which showed a significant increase in the activated HSCs compared with the controls. Next, we tested whether increased ELF expression affects glycolysis related-proteins. The silencing of ELF in the activated HSCs leads to decreased expression of glycolysis-related enzymes, such as PFKP, GLUT1, PKM2, and MCT4. Further studies indicated that ELF was involved in HSC glucose metabolism through regulation of pAkt, an important downstream factor in PI3K/Akt signaling.

PI3K signaling, one of the most important pathways that involved various human diseases, provides intense growth and survival signals to many cell types and has profound effects on cellular metabolism\[[@B20]\]. As demonstrated in previous studies, the integration of growth and proliferation signals with alterations to the central metabolism is important for the oncogenic effects of the PI3K pathway\[[@B21],[@B22]\]. Protein kinase B (PKB), also known as Akt, is a serine/threonine-specific protein kinase that plays a key role in multiple cellular processes such as glucose metabolism, apoptosis, cell proliferation, transcription and cell migration. Akt is the best-studied downstream factor of PI3K signaling, and an important driver of the glycolytic phenotype tumor, and stimulates ATP generation, ensuring that cells have the bioenergetic capacity required to respond to growth signals\[[@B23]\]. Akt was able to phosphorylate key glycolytic enzymes such as hexokinase, phosphofructokinase 2, and Glu 1. This function leads to increased expression and membrane translocation of the glucose transporters\[[@B24]-[@B26]\].

Abundant evidence has demonstrated that PI3K/Akt pathway is crucial for the proliferation and metabolism of many kinds of cells. Therefore, many studies have suggested that TGF-β is able to activate PI3K/Akt signaling and leads to the subsequent phosphorylation of the downstream genes without an interaction with Smad proteins\[[@B27]-[@B29]\]. TGF-β was shown to downregulate PI3K/Akt signaling activity through Smad proteins\[[@B30],[@B31]\]. Therefore, the PI3K/Akt signaling can also antagonize the Smad-mediated effects in other TGF-β related conditions\[[@B32],[@B33]\]. Our previous studies showed that the activation of PI3K/Akt signaling through insulin stimulation induced the activation of TGF-β/Smad signaling, as indicated by the nuclear translocation of Smad3/4. Moreover, the inhibition of PI3K/Akt signaling by the use of the LY294002 inhibitor led to the blockage of TGF-β/Smad signaling\[[@B9]\]. These findings indicated that the activated PI3k/Akt pathway led to the activation of TGF-β/Smad signaling in the hepatocytes. ELF was shown to play an important role in this process by regulating the localization of Smad3/4 in the nucleus\[[@B10]\]. However, the details underlying the interaction between TGF-β/Smad and PI3K/Akt signaling, particularly in the field of cell energy metabolism, should be investigated in the future.

Multiple intrinsic and extrinsic molecular mechanisms contribute to cellular metabolism and provide support for the three basic needs of dividing cells, as follows: rapid ATP generation to maintain the energy status; increased biosynthesis of macromolecules; and tightened maintenance of appropriate cellular redox status\[[@B34],[@B35]\]. Metabolic changes represent a common feature of all cell types and various diseases including liver fibrosis. This effect is regulated by diverse pathways and factors, such as PI3K signaling, the hypoxia-inducible factor, p53, MYC and AMP-activated protein kinase, liver kinase B1, and the hedgehog pathways\[[@B36],[@B37]\]. Liver fibrosis represents a very complicated process. In recent years, scientists have revealed various pathways that contribute to the pathogenesis of liver fibrosis. Although we showed that PI3K/Akt, which was regulated by ELF, could affect glycolysis in HSCs, other signaling could perform this function. Additional signals that were involved in the regulation of energy metabolism should be investigated in liver fibrosis. Our study could increase the knowledge of the pathogenesis of hepatic fibrosis and might be applied to the diagnosis and treatment of patients.

COMMENTS
========

Background
----------

The activation of hepatic stellate cells is a key event in pathogenesis of liver fibrosis.

Research frontiers
------------------

In recent studies, various factors which were involved in the proliferation, apoptosis, ageing and extracellular matrix secretion were found to be contributive to the activation process of hepatic stellate cells.

Innovations and breakthroughs
-----------------------------

This study found that embryonic liver fordin (ELF) was involved in hepatic stellate cells activation by regulating glucose metabolism, which was a novel aspect in the area of liver fibrosis.

Applications
------------

The glucose metabolism of activated hepatic stellate cells provides us a new vision in the diagnosis and therapy of liver fibrosis.

Peer-review
-----------

In this study, the authors found that the ELF was involved in the couples of signaling pathways to activate the glucose glycolysis of hepatic stellate cells during the liver fibrosis. The PI3K/Akt signaling and glucose glycolysis-related proteins were evaluated in this study.
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